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ABSTRACT 
 Lycoricidine a member of the amaryllidaceae isocarbostyril alkaloid family of natural 
products isolated from bulbs of plants in the amaryllidaceae family, which include the common 
daffodil.  The compound has been demonstrated to possess significant biological activity against 
a wide range of cancer cell lines.  As such, lycoricidine, as well other members of the 
amaryllidaceae isocarbostyril alkaloid family, has been the target of a number of total syntheses 
by many investigators, which are outlined in detail herein. 
  This thesis documents a novel total synthesis of lycoricidine utilizing a photochemical 
dearomative dihydroxylation of bromobenzene.  Modified Narasaka-Sharpless dihydroxylation 
generates a product bearing both the electrophile and nucleophile for an unprecedented 
transpositive Suzuki coupling.  Hetero-Diels-Alder cycloaddition is used to form the syn-1,4-
amidoalcohol functionality.  This new route completes the total synthesis of lycoricidine in eight 
steps, shorter than any previously completed synthesis. 
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CHAPTER 1 
INTRODUCTION 
Amaryllidaceae isocarbostyril alkaloids are a family of natural products found in the 
amaryllidaceae family of plants.  Members of this family have been known since the time of the  
ancient Greeks be useful in the treatment of tumors.  Oil derived from the narcissus family of 
flowers, commonly known as daffodils, was described by Hippocrates for the treatment of uterine 
tumors in the 4th century B.C.  In the centuries to follow, a number of historical investigators 
reported similar uses of narcissus oil for the softening or dissipation of tumors.  In 1958, Fitzgerald 
and coworkers studied the bulbs of a number of plant families for activity versus sarcoma 37 
tumors in mice by injecting tumors with aqueous suspensions of ground flower bulbs.1  They found 
that a number of members of the Narcissus genus showed activity against these tumors, however, 
alkaloids that had been isolated previously from the amaryllis family did not show as great activity.   
The isocarbostyril alkaloids represent a subset of the amaryllidaceae alkaloids that lack a 
basic nitrogen center (Figure 1).  The first compound of this family to be isolated was narciclasine 
in 1967, which was extracted from ground narcissus bulbs with 95% ethanol and further purified 
through a series of extractions and crystallizations.2  The purified natural product was 
demonstrated in that initial report to possess potent antimitotic activity against sarcoma 180.  
Narciclasine is typically found at a concentration of 100 to 120 mg/kg in Narcissus bulbs, with the 
greatest concentration found in the bulbs of Narcissus incomparabilis Mill. Var. Helios harvested 
in the month of March, yielding 200 mg/kg.3 
The next member of this this family to be isolated was 7-deoxynarciclasine, commonly 
referred to as lycoricidine.  First isolated in from lycoris radiata in 1968, yielding 3.2 mg/kg, the 
pure compound was immediately found to possess antitumor as well as plant growth inhibition 
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properties.4  Lycoricidine was found in greatest concentration in the blubs of Hymenocallis 
littoralis collected in the wild in Hawaii, yielding 118 mg/kg.5  When attempts were made to 
cultivate these bulbs in Arizona, however, yields fell to a maximum of 15 mg/kg due to differences 
in climate. 
 Pancratistatin was first isolated in 1984, also from Hymenocallis littoralis.6  In the original 
isolation paper, the authors demonstrated activity of this new compounds against murine P388 
lymphomatic leukemia.   The compound was able to be extracted from wild Hawaiian bulbs at a 
rate of 100-150 mg/kg, however,  the greatest yield that could be achieved was 22 mg/kg when the 
plant was cultivated commercially in Arizona. 
To systematically establish the bioactivity profiles of these compounds, they were screened 
systematically against the National Cancer Institute in vitro primary antitumor screen, a panel of 
60 human tumor lines.7  Taken across the entire panel, the mean GI50 for each compound was 91.2 
nM for pancratistatin, 145 nM for lycoricidine, and 15.5 nM for narciclasine, demonstrating the 
broad bioactivity across a range of human cancers. 
The biosynthesis of narciclasine was elucidated by Battersby in 1971, and is believed to be 
similar across the family (Scheme 1).  Narciclasine was traced back to O-methyl-norbelladine.   An 
intramolecular para-para phenol coupling takes places to form vittatine, which then undergoes 
elimination of two carbon atoms and subsequent hydroxylations to form the natural product.  To 
confirm this hypothesis, the Battersby and coworkers synthesized 3H and 14C labeled O-methyl-
norbelladine, which was fed to daffodil plants and incorporated in isolated narciclasine.  
Given the substantial bioactivity of this class of natural products and low isolation yields, 
it is no wonder that they have been the targets of a number of total synthetic endeavors.  
Lycoricidine was the first to be synthesized in 1976, and since that time there have been at least 
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seven total syntheses of narciclasine, twelve of lycoricidine, and thirteen of pancratistatin.  The 
syntheses are described in detail in the following chapter. 
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CHAPTER 1 FIGURES AND SCHEMES 
 
 
 
Figure 1. Chemical structures of lycoricidine, narciclasine, and pancratistatin. 
 
 
 
Scheme 1. Proposed biosynthesis of narciclasine. 
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CHAPTER 2 
PREVIOUS SYNTHESES OF THE AMARYLLIDACEAE ISOCARBOSTYRIL ALKALOIDS 
The first total synthesis of lycoricidine was completed in 1976 by Ohta and Kimoto 
(Scheme 2).8  They pursued the synthetic challenge of lycoricidine and dehydroxylated derivative 
in order to derive information regarding structure-activity relationships.  Their synthesis began 
from homoallylic alcohol 1, derived via allylation of piperonal.  Alcohol elimination formed a 
diene that underwent Diels-Alder cycloaddition with ethyl acrylate, which upon ester 
saponification afforded carboxylic acid 2.  A Curtius rearrangement of this carboxylic acid 
proceeded through formation of the mixed anhydride with ethyl chloroformate. Substitution with 
sodium azide and heating gave an isocyanate that could be converted into lactam 3 via an 
intramolecular Friedel-Crafts reaction on treatment with boron trifluoride.   
 Acylation of this lactam followed by basic hydrolysis gave amide 4.  Oxybromination of 
the alkene followed by elimination of the resulting alkyl bromide then produced lactone 5.  Basic 
hydrolysis of the acetyl amide at elevated temperature resulted in the transamidation of the free 
amine to form lactam 6.  The free alcohol was protected as the tetrahydropyranyl ether, and 
subsequent Prilezhaev epoxidation of the cyclohexene yielded epoxide 7.  An allylic alcohol was 
obtained from the epoxide using conditions developed by Sharpless9 through selenation, oxidation, 
and selenoxide elimination.  This allyl alcohol was acetylated, then the tetrahydropyranyl 
protecting group removed to produce alcohol 8. 
 Dihydroxylation of this alcohol with stoichiometric osmium tetroxide and actinide 
protection of the resulting diol afforded ketal 9.  The hydroxyl group of this product could then be 
chlorinated and eliminated to form styrenyl compound 10.  Finally, through a series of deprotection 
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steps, they produced lycoricidine in a total of nineteen steps to complete the first reported synthesis 
in this family. 
 The first enantioselective total synthesis of lycoricidine was completed by Paulsen in 1982 
(Scheme 3).10  They utilized protected glucose derivative 11 as a starting material, which already 
possessed the four stereocenters of the target molecule.  The primary alcohol was oxidized through 
the action of lead tetraacetate to the corresponding aldehyde, which was then subjected to a Henry 
reaction with nitromethane that, upon subsequent dehydration, gave nitroalkene 12.  Conjugate 
addition with aryllithium species 13 at –110 °C then produced methylenedioxyphenyl ester 14.  
 Acetonide deprotection with acetic acid generated a lactol which, in its acyclic aldehyde 
form, could undergo an intramolecular Henry reaction.  The product of this Henry reaction would 
then spontaneously cyclize to from lactone 15.  Reduction of the nitro group via catalytic 
hydrogenation revealed a primary amine that upon treatment with base rearranged to form lactam 
16.  Reaction with benzoyl chloride resulted in protection of three of the four secondary alcohols 
in the compound, leaving the homobenzylic alcohol unprotected.  The remaining free alcohol could 
then be chlorinated and subsequently eliminated to generate alkene 17.  Finally, deprotection of 
the benzoyl esters was achieved by treatment with methanolic ammonia to provide (+)-lycoricidine 
in 13 steps. 
 In 1987 Schubert published a new method improving upon Ohta and Kimoto’s synthesis 
of lycoricidine (Scheme 4).11  Their route reduced the number of synthetic steps from 19 to 17, 
and also demonstrated that the dihydroxylation step could be performed with catalytic, rather than 
stoichiometric, osmium tetroxide.  From intermediate 18 of Ohta and Kimoto’s synthesis, Upjohn 
dihydroxylation was used to install the necessary cis-diol using only 1.25 mole percent of osmium 
tetroxide.  The alcohol functionalities were protected as the acetyl esters, and the tetrahydropyranyl 
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protecting group removed to form alcohol 19.  The synthetic route of Ohta and Kimoto could again 
be intercepted by the chlorination and elimination of the alcohol to produce intermediate 20. 
 The first total synthesis of pancratistatin was completed by Danishefsky in 1989, making 
use of pyrogallol as a starting material. 12  Two of the three hydroxyl groups were masked as an 
orthoester to give phenol 21, which was then converted to the diethyl carbamate with the 
corresponding carbamoyl chloride.  Cleavage of the orthoester and formation of the 
methylenedioxy linkage through reaction with dibromomethane and potassium carbonate in the 
presence of copper oxide afforded product 22.  Directed ortho-metalation with sec-butyl lithium 
induced and anionic ortho-Fries rearrangement to product amide 23.   The hydroxyl group of this 
compound was then silyl protected, and could then undergo another directed ortho-metalation to 
form aryl aldehyde 24 on reaction with dimethylformamide.    Allylation of this aldehyde with 
allyl magnesium bromide and subsequent mesylation and elimination of the resulting alcohol 
produced conjugated diene 25.  Diels-Alder cycloaddition with acetylene equivalent 26 produced 
cyclohexene 27, which upon treatment with tributylstannane and AIBN reductively eliminated the 
nitro and sulfonyl groups formed cyclohexadiene 28. 
 Attempts to cyclize this compound into a lactone through iodolactonization were met with 
significant difficulty.  It was believed that steric repulsion between the bulky OTBS group and a 
proposed carboximidate intermediate would prevent reaction, so the OTBS groups was removed 
with TBAF.  The resulting phenol was still slow to undergo cyclization, so the Danishefsky group 
proposed that stannylation of the aryl hydroxyl group would render the adjacent lactam more 
nucleophilic.  Reaction of the deprotected phenol with bis(tributyltin) oxide, followed by iodine, 
resulted in formation of the desired iodolactone.  Benzyl protection of the hydroxyl group then 
gave benzyl ether 29.   
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 The Danishefsky group had originally intended to eliminate the resulting alkyl iodide to 
form an alkene that could then be dihydroxylated.  When attempts at the elimination were 
performed, however, the ring would readily aromatize with elimination of the ester as well.  To 
circumvent this issue, it was necessary to first dihydroxylate the other olefin with osmium tetroxide 
to remove the possibility of aromatization.  Unfortunately, this dihydroxylation provided the 
wrong stereochemistry for one of the alcohols, which had to be remedied later in the synthesis.  
After dihydroxylation, the alkyl iodide could be eliminated with DBU to form diol 30.   
 To invert one of the stereocenters on the ring, the diol was treated with 2-acetoxyisobutyrl 
bromide, generating trans-acetoxy bromide 31 using a methodology developed by Moffat.13  
Compound 31 was then subjected to Upjohn dihydroxylation.  Use of dibutyltin oxide to mask one 
of these alcohols allowed for para-methoxybenzyl protection of the α-halo alcohol.  The remaining 
hydroxyl group was then benzyl protected, and finally PMP deprotection with DDQ delivered bis-
benzyl protected product 32. 
 Reductive elimination of the acetoxy bromide resulted in an allylic alcohol, which was 
reacted with trichloroacetonitrile in the presence of sodium hydride to form a trichloroacetimidate 
that, upon heating, underwent an Overman rearrangement to form amide 33.  Upjohn 
dihydroxylation of the cyclic alkene, lactam and amide hydrolysis with subsequent lactamization, 
and final hydrogenolysis of the benzyl protecting group finished pancratistatin in 26 total steps. 
 Ogawa completed an asymmetric synthesis of lycoricidine in 1991 using alkyl bromide 34, 
derived from D-glucose, as a starting material (Scheme 6).14  The diol was bismethoxymethyl 
protected, then the alkyl bromide eliminated with DBU to form exocyclic alkene 35.  Treatment 
with mercury (II) triflate induced a type-2 Ferrier rearrangement, and the resulting secondary 
alcohol was then mesylated and eliminated to provide enone 36.  Luche reduction of this enone 
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followed by PMB protection of the resulting alcohol then formed benzyl ether 37.  Reduction of 
the azide with LAH formed a primary amine that then underwent  peptide coupling with aryl acid 
38 through an acyl cyanide intermediate generated by the action of triethyl phosphoryl cyanide to 
produce amide 39.  The resulting amide was PMB protected, then an intramolecular Heck reaction 
in the presence of tellurium acetate formed cyclized product 40.  Treatment with DDQ deprotected 
the PMB protected alcohol, but not the PMB protected amide.  Inversion of this alcohol was then  
accomplished via Mitsunobu reaction with benzoic acid to afford benzoate 41.  Finally, a series of 
deprotection steps provide lycoricidine, in a synthesis requiring a total of 24 steps.   
 In 1992, the group of Hudlicky published one of the shortest total syntheses of lycoricidine 
to date (Scheme 7).15  To accomplish this feat, bromobenzene was subjected to an enzymatic 
dihydroxylative dearomatization, furnishing dihydrodiol 42.  Acetonide protection of this diol was 
followed by hetero–Diels–Alder cycloaddition with in situ generated carboxybenzyl nitroso to 
form a cyclic hydroxylamine.  The N–O bond could then be reduced with aluminum amalgam and 
the resulting alcohol silyl protected to form cyclohexene 43.  Deprotonation of the amide allowed 
for amidation with acyl chloride 44, which bore an aryl bromide that was then made to undergo a 
palladium catalyzed intramolecular Heck coupling, resulting in lactam 45.  To complete the 
synthesis, the carboxybenzyl protection was removed by palladium catalyzed transfer 
hydrogenation and the acetonide removed by acidic hydrolysis. 
 Martin and coworkers reported a formal synthesis of lycoricidine in 1993, utilizing 
commercially available diol 46 as a starting material (Scheme 8).16  This compound was bis-MOM 
protected, then subjected to a hetero-Diels-Alder cyclization reminiscent of that used in Hudlicky’s 
1992 synthesis, producing hydroxylamine 47.  Reduction of the N–O bond was accomplished with 
sodium amalgam, then the Cbz protection was hydrolyzed to reveal a primary amine then 
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underwent amidation with acyl chloride 44, used in Hudlicky’s route, to furnish amide 48.  PMB 
protection of the free alcohol was followed by intramolecular Heck coupling and PMB removal to 
provide 49, an intermediate that had previously been carried forward to lycoricidine in three steps 
by the Ogawa group.   
 In 1995 the Hudlicky group utilized their enzymatic dearomatization methodology in the 
synthesis of pancratistatin (Scheme 9).17  From acetonide 50, previously formed in Hudlicky’s 
synthesis of lycoricidine, aziridination was accomplished by methodology developed by Evans.18  
Protodebromination with tributyltin hydride and AIBN then formed N–tosylaziridine 51.  The 
aziridine was opened via copper-mediated reaction with an aryl lithium species derived by directed 
ortho-lithiation of 52.  A series of protection and deprotection steps then generated phenol 53.  
Reduction of the amide functionality with Red-Al formed an amine, and then the phenol hydroxyl 
group was benzyl protected prior to Pinnick oxidation and subsequent esterification with 
diazomethane, affording ester 54.  Acid hydrolysis of the acetonide protecting group allowed for 
directed alkene epoxidation with VO(acac)2 to generate epoxide 55.  The final transformations 
necessary to produce pancratistatin were conveniently accomplished in single synthetic step; 
heating the compound in water for six days in the presence of sodium benzoate resulted in epoxide 
opening, Boc deprotection, lactam formation, and benzyl ether cleavage to accomplish the total 
synthesis. 
 Trost and coworkers completed a total synthesis of pancratistatin in 1995 (Scheme 10).19  
In the first step of the synthesis, they utilized a palladium catalyzed desymmetrization of allylic 
carbonate 56 in the presence of chiral ligand L1 to form enantioenriched azide 57.  This compound 
was then subjected to copper-mediated allylic substitution with aryl Grignard 58, and the product 
was then exposed to Upjohn dihydroxylation conditions to provide diol 59.  TES protection of the 
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secondary alcohols preceded arene bromination with NBS to form aryl bromide 60.  The azide 
functionality was reduced under Staudinger conditions, and the necessary lactam formed via 
amidation formation with phosgene and subsequent lithium-halogen exchange and cyclization to 
produce lactam 61.  After removal of the silyl protecting groups, the diol was treated with thionyl 
chloride and oxidized to afford cyclic sulfate 62.  Opening of the cyclic sulfate with cesium 
benzoate accomplished the desired inversion of the homobenzylic stereocenter, after which only a 
series of deprotection steps were necessary to form the desired natural product. 
 In 1997, Haseltine reported a formal synthesis of pancratistatin, intercepting the previous 
total synthesis of Danishefsky (Scheme 11).20  Achiral diol 63 was chosen as the starting material 
for the synthesis, which was resolved via enzymatic acylation.  The remaining free alcohol was 
silyl protected, and then the enzymatically installed acyl group methanolysed to afford allylic 
alcohol 64.  Esterification of this alcohol with benzylic bromide 65 installed the necessary 
methylenedioxyphenyl functionality, giving ether 66 upon TBS removal.  Triflation of the allylic 
alcohol was followed by intramolecular electrophilic aromatic substitution.  The benzylic ether 
was then oxidized in the presence of 2-methoxyethanol to form acetal 67.  The methoxyethyl group 
directed lithiation of the aromatic ring, which was then borylated and oxidized to introduce the 
necessary phenol functionality.  The phenol was subsequently benzyl protected, and the 
methoxyethyl group hydrolyzed in the presence of CSA, generating lactol 68.  The lactol could be 
oxidized to a lactone through reaction with TPAP, after which a series of protecting group 
manipulations generated alcohol 69, an intermediate in Danishefsky’s synthesis. 
 Rigby completed an asymmetric total synthesis of narciclasine in 1997, utilizing an aryl 
enamine photocyclization to construct the necessary lactam as a key step (Scheme 12).21  Starting 
from ester 70, the compound was dibrominated with NBS, after which reductive elimination with 
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tributyltin hydride and AIBN gave diene 71.  Cycloaddition with singlet oxygen resulted in an 
endoperoxide that, upon reaction with (Ph3P)2RuCl2, opened to form a diepoxide.  α–deprotonaton 
with sodium methoxide opened the adjacent epoxide to form allyl alcohol 72.  The alcohol was 
esterified with butryl chloride, and the resulting ester resolved enzymatically through the use of 
cholesterol esterase.  The resulting alcohol was then silyl protected, and the remaining ester 
saponified with lithium hydroxide to form acid 73. 
 The acid was subjected to Curtius rearrangement through the action of diphenyl phosphoryl 
azide, and the resulting isocyanate reacted in situ with an aryl lithium species derived from aryl 
bromide 74.  PMP protection of the newly formed amide was followed by deprotection of the aryl 
hydroxyl group to from amide 75.  Irradiation of this compound with ultraviolet light then induced 
an aryl enamide photocyclization to forge a lactam.  Transformation of the epoxide into an allylic 
alcohol via methodology developed by Sharpless followed by acetyl protection of said alcohol 
then afforded allylic ester 76.  Dihydroxylation of this compound under modified Upjohn 
conditions installed the necessary cis diol, which was immediately acetonide protected.  After 
deprotection of the TBS-protected alcohol, this functionality could then be eliminated through the 
action of Burgess’ reagent to form styrenyl produce 77, which could then be transformed into 
narciclasine through three deprotection steps. 
 The group of Magnus reported an enantioselective total synthesis of pancratistatin in 1998, 
demonstrating methodology that had been developed by their group (Scheme 13).22  
Methylenedioxyphenyl bromide 78 could be lithiated and reacted with ketone 79, and the resulting 
alcohol eliminated to form a cyclic alkene.  Hydrogenation of this alkene followed by acid 
deprotection of the ketal formed ketone 80.  This product was desymmetrized via the formation of 
a silyl enol ether using a chiral lithium amide base, which could be transformed in azide 81 through 
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a β–functionalization strategy using iodosobenzene and TMSN3 developed previously by their 
group.23  The azide was reduced to a primary amine and Moc protected.  Treatment of this product 
with mCPBA then resulted in α–esterification of the silyl enol ether24, which upon acidic 
deprotection gave ketone 82.   
 This product was epimerized, then subjected to three-step selenoxide elimination to form 
enone 83.  Nucleophilic epoxidation of the enone with concomitant ester hydrolysis was followed 
by ketone reduction and epoxide opening to form a tetrol, which was subsequently acetyl protected 
to generate tetraacetate 84.  Treatment of this product with triflic anhydride induced a Bischler-
Napieralski reaction to form the requisite lactam, which finally gave pancratistatin upon 
deprotection. 
 Hudlicky and coworkers applied their enzymatic dearomatization strategy to the synthesis 
of narciclasine as well, reporting a total synthesis in 1999 (Scheme 14).25  Dihydrodiol 83 was 
derived from enzymatic dearomatization of dibromobenzene.  This compound was acetonide 
protected, then underwent a hetero–Diels–Alder with in situ generated Moc-protected nitroso to 
produce hydroxylamine 84.  This compound was cross-coupled with aryl boronic acid 85, then 
molybdenum hexacarbonyl was used to both reductively cleave the N–O bond and eliminate the 
remaining bromine to provide ketone 86.  The ketone was subjected to Luche reduction, which 
unfortunately gave the incorrect stereochemistry at the resulting alcohol.  This stereocenter was 
inverted via a Mitsunobu reaction with benzoic acid, then the acetonide protection was cleaved 
and replaced with two acetyl esters to give triester 87.  Finally, the lactam ring was again forged 
through a Bischler-Napieralski reaction and the product deprotected to produce the natural product 
in 12 steps. 
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 In 1999, the Keck group reported total synthesis of both lycoricidine and narciclasine, 
making using use of a radical cyclization cascade that they developed (Scheme 15).26  Both 
syntheses began from 88, derived from D-lyxose.  The diol was oxidativly cleaved and the 
resulting aldehyde was subjected to the first step of a Corey-Fuchs alkynylation to give geminal 
dibromide 89.  The lactone was then reduced with L-selectride, and the resulting aldehyde was 
transformed into an oxime by reaction with O-benzyl hydroxylamine.  The Corey-Fuchs sequence 
was then completed to give alkyne 90.   
 In the synthesis of lycoricidine, this alkyne was exposed to Sonogashira coupling with aryl 
iodide 91 to form aryl alkyne 92.  This compound was then subjected to the radical cyclization 
conditions developed by the Keck group, using visible light irradiation and thiophenol to form a 
sulfur radical that can add into the alkyne, followed by addition of the resulting vinyl radical into 
the oxime to eventually form cyclized product 93.  Treatment of this product with samarium iodide 
reductively cleaved the thiol and the N-O bond, and the resulting amine lactamized in situ.  Final 
acetonide deprotection then gave lycoricidine in nine steps. 
 For the synthesis of narciclasine, alkyne 90 was subjected to Sonogashira coupling with 
aryl iodide 94 to form aryl alkyne 95, that was then reacted under the same radical cyclization 
protocol to form vinyl thiol 96.  With this compound, samarium iodide did not achieve the desired 
bond cleavages, only deprotecting the aryl hydroxyl group to form 97, so it was necessary to 
reprotect that hydroxyl group and lactamize the compound with trimethylaluminum.  Once the 
lactam had been formed, samarium iodide was able to perform the required bond cleavages, and 
final acetonide deprotection gave narciclasine in 12 steps. 
 Rigby and coworkers were able to achieve a total synthesis of pancratistatin in 2000, 
modifying their previous narciclasine synthesis (Scheme 16).27  From 98, an intermediate in their 
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previous synthesis, it was necessary to invert the stereochemistry at the homobenzylic hydroxyl 
group.  After protection of the phenol, the homobenzylic hydroxyl group was deprotected to give 
alcohol 99.  Oxidation of this alcohol and immediate reduction inverted the stereochemistry at this 
position, and the resulting alcohol was then protected to give benzylic ether 100.  Allylic alcohol 
formation through Sharpless’ selenoxide protocol, osmium-mediated dihydroxylation, and 
deprotection then gave the desired natural product, pancratistatin. 
 In 2001, Pettit reported a new synthesis of pancratistatin through a different strategy, using 
extracted narciclasine as a starting material (Scheme 17).28  Narciclasine was acetonide and acetyl 
protected, and the endocyclic olefin was then epoxidized through the use of mCPBA to form 101.  
Hydrogenation of this epoxide gave a mixture of products, however the desired product was 
deacetylated to form diol 102 in 27% overall yield in two steps.  The homobenzylic alcohol needed 
to be inverted, and this was accomplished by the formation of a cyclic sulfite through the use of 
thionyl chloride, which was then oxidized to cyclic sulfate 103.  The sulfate was opened with 
benzoic acid to accomplish the necessary inversion, and finally deprotection furnished the desired 
natural product. 
 Kim and coworkers reported a total synthesis of pancratistatin in 2002, making use of a 
Claisen rearrangement to form the requisite cyclohexane ring (Scheme 18).29  Arbuzov reaction of 
benzylic bromide 104 formed a phosphonate that underwent Horner-Wadsworth-Emmons 
olefination with aldehyde 105 to produce alkene 106.  On vigorous heating, this compound 
underwent a Claisen rearrangement to form aldehyde 107.  Pinnick oxidation of this aldehyde was 
followed by iodolactonization and elimination to arrive at lactone 108.  Treatment with sodium 
methoxide induced methanolysis and epimerization the lactone, and the resulting ester was 
saponified and subjected to a Curtius rearrangement by reaction with diphenyl phosphoryl azide, 
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which gave carbamate 109 upon quenching of the isocyanate with methoxide.  After benzoyl 
protection of the secondary alcohol, the olefin was dihydroxylated via Upjohn protocol, then 
transformed into cyclic sulfate 110.  Deprotonation with DBU opened the cyclic sulfate, forming 
an allylic alcohol on hydrolysis of the sulfate.  The alkene was again subjected to Upjohn 
dihydroxylation to produce triol 111.  After acetyl protection of the triol, Bischler-Napieralski 
reaction forged the lactam, which after two deprotection steps resulted in the formation of 
pancratistatin. 
 In 2004 Kim published a new method for the first portion of the synthesis with a new route 
to acid 118.  Stille coupling of aryl bromide 112 and vinyl stannane 113, followed by DCC-
mediated Steglich esterification with acid 115 produced ester 116.  Treatment with LDA and 
TBSCl induced an Ireland-Claisen rearrangement to form diene 117, which could undergo ring-
closing metathesis to form cyclohexene 118, intercepting their previous synthesis. 
 The Yan group reported syntheses of narciclasine30 and lycoricidine31 in 2002, both starting 
from acetonide protected dihydrodiol 119 (Scheme 19).  This compound underwent a nitroso 
Diels–Alder reaction with chiral chloronitroso species 120.  Chloronitroso species such as 120 are 
able to eliminate the chloride after cycloaddition, forming an imine that can then be hydrolyzed 
upon workup to give a cyclic hydroxylamine without the chiral auxiliary.  Reductive cleavage of 
the N–O bond with aluminum amalgam then gave cis amino alcohol 121.  After protection of the 
amine and alcohol, hydrobromination with NBS gave a mixture of isomers 122 and 123.  The 
mixture proved to be inconsequential, because upon treatment with base both go on to form the 
same epoxide product.   
 In the synthesis of narciclasine, the isomeric mixture of 122 and 123 was treated with 
potassium carbonate and benzylic bromide 124 to produce epoxide 125.  Activation of the epoxide 
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with tin tetrachloride resulting in an intramolecular Friedel-Crafts alkylation, and the resulting 
secondary alcohol was acetyl protected.  Cleavage of the sulfonamide with mercaptoacetic acid 
then gave secondary amine 126.  The amine was Boc protected, then benzylic oxidation with in 
situ generated ruthenium tetroxide furnished the necessary lactam.  Elimination of the acetoxy 
group with DBU, followed by two deprotection steps, finally gave the desired natural product.   
 The Yan synthesis of lycoricidine proceeded similarly from the same mixture of 
bromohydrins 122 and 123.  Treatment with sodium hydroxide and methylenedioxybenzyl 
bromide 127 gave epoxide 128.  From there, the only variation from their narciclasine synthesis 
was the cleavage of the sulfonamide group; in this case it was cleaved photochemically in the 
presence of sodium borohydride and anisole. 
 Padwa and coworkers reported a total synthesis of lycoricidine in 2006 that made use of a 
Stille coupling/Diels-Alder cycloaddition cascade (Scheme 20).32  Reaction between acyl chloride 
129 and furan 130, deprotonated by n-BuLi, followed by protecting group exchange from a Boc 
to PMB protected amide, resulted in formation of aryl iodide 131.  When this compound underwent 
Stille coupling with vinyl stannane 132 the coupling was immediately followed by an 
intramolecular Diels–Alder cyclization between the newly installed alkene and the furan ring to 
give adduct 133.  Upjohn dihydroxylation of the alkene and subsequent acetonide protection was 
followed Lewis acid mediated furan opening with iminium formation, which was reduced to give 
amide 134.  The secondary alcohol was xanthylated and eliminated, which resulted in formation 
of alkene 135.  Upjohn dihydroxylation of the alkene resulted in in situ formation of the γ–lactone, 
and the remaining free alcohol was mesylated to form sulfonic ester 136.  After hydrogenolysis of 
the PMP protecting group, treatment with lithium hydroxide resulted in a cascade involving 
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opening of the lactone, decarboxylation, and mesylate elimination.  All that remained was the 
deprotection of the acetonide to form lycoricidine. 
 The chiral pool compound pinatol was used as the starting material by the Li group for 
their total synthesis of pancratistatin (Scheme 21).33  The trans diol was protected as a cyclic disilyl 
ether and the cis diol acetonide protected to form alcohol 137.  To form an azide from the alcohol 
with net retention of stereochemistry, it was subjected first to Mitsunobu reaction with triflic acid, 
followed by substitution with sodium azide to produce azide 138.  Deprotection the cyclic disilyl 
ether was followed by two-step cyclic sulfate formation, then the azide was reduced via Staudinger 
reduction to amine 139.  This was transformed into amide 141 through reaction with phosgene and 
Friedel–Crafts acylation with aryl bromide 140.  After MOM protection of the aryl hydroxyl group, 
the aryl bromide was transformed into and organocerium reagent that nucleophilicly attacked the 
cyclic sulfate to forge the lactam ring.  Final deprotection then completed the total synthesis in 
twelve steps. 
 Banwell completed total syntheses of lycoricidine34 and narciclasine35 in 2008, making use 
of a Suzuki coupling with subsequent lactamization for complete a convergent synthesis (Scheme 
22).  For both molecules, the synthesis began with bromoacetal 141.  Upjohn dihydroxylation of 
the olefin and MOM protection of the diol then provided vinyl bromide 142.  Reduction of the 
acetal freed the β–halo alcohol, which was also MOM protected, and the PMB ether was finally 
cleaved with DDQ to give alcohol 143.  Overman rearrangement, followed by reduction of the 
resulting amide, gave amine 144. 
 To form lycoricidine, this amine underwent Suzuki coupling with boronic ester 145 with 
subsequent lactamization to a give a product that was only one deprotection step away from the 
desired natural product.  For their synthesis of narciclasine, amine 144 instead underwent Suzuki 
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coupling with boronic ester 145 and spontaneously lactamized, the product of which was 
deprotected with TMS bromide to give the target molecule. 
 Madsen and coworkers reported a total synthesis of pancratistatin in 2009 that made use of 
a zinc-mediated elimination/allylation procedure that they had developed (Scheme 23).36  The 
synthesis began with a Heck reaction between aryl iodide 146 and acrylic acid to form vinyl 
carboxylic acid 147.  Activation of the acid as a mixed anhydride and reduction with sodium 
borohydride produced an allylic alcohol that was converted to corresponding bromide 148 via 
mesylation and substitution.  Coupling partner 149, derived from D-xylose, was first treated with 
zinc to induce a reductive elimination to form an ω–alkenyl aldehyde that, upon addition of 
bromide 148, underwent a zinc mediated allylation.  Removal of the TES protecting group and 
lactamization then formed diene 150 which was cyclized via treatment with Hoveyda-Grubbs II 
catalyst to form cyclohexenyl product 151.  This product was then subjected to Overman 
rearrangement through formation of the trichloroacetimidate and heating to produce amide 152.  
To complete the synthesis, the compound was subjected to Upjohn dihydroxylation, followed by 
amide methanoloysis with subsequent lactamization, and finally benzyl ether hydrogenolysis to 
form pancratistatin in a total of 18 steps. 
 Using a similar zinc mediated elimination/allylation technique, the Yadav group completed 
a total synthesis of lycoricidine in 2010 (Scheme 24).37  Starting from D-mannose derived alkyl 
iodide 153, treatment with zinc followed by allyl bromide induced a similar elimination/allylation 
cascade to form diene 154.  This diene was cyclized via ring-closing metathesis then acetyl 
protected to form cyclohexenyl product 155.  Aziridination of the olefin with a copper nitrenoid 
derived from hypervalent iodide reagent PhINTs, which was subsequently reductively 
desulfonylated with sodium naphthalide, generated aziridine 156.  Carbodiimide-mediated peptide 
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coupling with acid 157 and acetyl group methanolysis then formed amide 158, which could be 
oxidized using Dess–Martin periodinane with concomitant aziridine opening to afford enone 159.  
Luche reduction of the enone followed by alcohol and amide protection then gave silyl ether 160.  
The lactam ring could then be closed via a Heck reaction and the product deprotected to form the 
natural product. 
 A strategy involving Diels–Alder cycloaddition with 3,5-dibromopyrone was used by the 
Cho group in their total synthesis of pancratistatin (Scheme 25).38  Starting from 
methylenedioxyphenylacetylene compound 161, the triple bond was silylated with n-BuLi and 
TMSCl, then reduced to the vinyl silane with DIBAL-H to form 162 as 5:1 mixture of E and Z 
isomers.  This mixture proved to be inconsequential, as both products went on to form the same 
cycloadduct 164 upon cycloaddition with dibromopyrone 163, possibly because the cycloaddition 
is stepwise in nature.  The adduct was then radically debrominated with zinc, then lactone 
methanolysed, and the olefin dihydroxylated through Upjohn conditions to produce triol 165.  An 
elimination reminiscent of a Peterson olefination then formed an alkene that underwent directed 
epoxidation with VO(acac)2 to afford epoxide 166.   The epoxide was opened with aqueous 
NaHSO4, after which the ester was saponified and subjected to a Curtius rearrangement via 
reaction with diphenyl phosphoryl azide, the isocyanate product from this reaction being quenched 
with methoxide to form Moc carbamate 167.   After peracetylation of the alcohol functionalities, 
the necessary lactam ring was formed again by a Bischler-Napieralski reaction, after which two 
deprotection steps were necessary to furnish the desired compound, pancratistatin. 
 The group of Alonso reported a 14 step total synthesis of pancratistatin in 2012, employing 
an organocatalytic enantioselective [3+3] cycloaddition of acetonide protected dihydroxyacetone 
168 with nitroenals such as 169 (Scheme 26).39  Upon reaction in the presence of catalytic prolinol-
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derived catalyst 170, cyclohexanone 171 was formed with six contiguous stereocenters.  Reduction 
of the nitro group and Moc protection of both the resulting amine and the free alcohol then gave 
carbamate 172.  After deprotection of the acetonide, the ketone was reduced with internal hydride 
delivery to form the final stereocenter, and the resulting product was peracetylated, forming triester 
173.  Bischler-Napieralski reaction with triflic anhydride then accomplished the necessary 
lactamization to provide compound 174, which then required two deprotection steps to finally 
furnish the target product. 
 Sato published a total synthesis of pancratistatin in 2013 that was heavily inspired by the 
1982 Paulsen synthesis of lycoricidine (Scheme 27).40  Conjugate addition of aryl magnesium 
species derived from aryl bromide 176 into vinyl nitrate 175 (a TBS protected analog of compound 
12 from Paulsen’s synthesis) gave alkyl nitrate 177.  A sequence of steps similar to those in the 
Paulsen synthesis eventually gave tetraester 178 which was lactamized via a Bischler-Napieralski 
reaction and deprotected to produce pancratistatin. 
 The most recent formal synthesis of narciclasine was performed by the Yamamoto group 
as a way to demonstrate their new asymmetric nitroso Diels–Alder cycloaddition methodology 
(Scheme 28).  Their synthesis began from previously described vinyl triflate 179, prepared in seven 
steps from 1,4-cyclohexadiene.  This compound underwent a copper-catalyzed cross-coupling 
with aryl Grignard reagent 180 to form 181.  This compound was kinetically resolved via 
asymmetric nitroso Diels-Alder cycloaddition with nitrosopyridazine 182 in the presence of 
catalytic copper (I) and (S)-DTBM-Segphos as a chiral ligand.  Upon reductive N–O bond cleavage 
with molybdenum hexacarbonyl and sodium borohydride, amino alcohol 183 was formed.  TBS 
protection of the alcohol and Moc protection of the amine then gave 184.  To intercept Hudlicky’s 
1999 total synthesis, it was necessary to remove the pyridazine group, which was accomplished 
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via alkylation of pyridazine nitrogen, reduction of the resulting pyridazinium, alkylation of the 
other nitrogen, and hydrolysis of the auxiliary.  In this sequence, the silyl ether was also cleaved, 
and the alcohol was reprotected as the benzoate ester to form 185, which was transformed in to 
narciclasine in four additional steps by the Hudlicky group. 
 A number of patterns can be noted when looking at the body of syntheses presented here 
as whole.  Some of the shortest synthesis, particularly those by Hudlicky, utilize starting materials 
derived by microbial arene oxidation of arenes.  This powerful technique provided privileged 
starting materials for the syntheses, however they are limited by the prevailing selectivity of these 
oxidations; microbial arene oxidation of bromobenzene provides a constitutional isomer in which 
the halide is not positioned for productive cross-coupling.  Palladium-catalyzed cross couplings, 
such as Heck and Suzuki reactions, were used by several groups to construct the arene-alkene 
linkage in the molecules, a bond dissection that generally allows the molecule to be dissected into 
two separate units at the lactam.  The lactam formation, therefore, is often one the final steps of 
the synthesis, often constructed either from an aryl acid derivative and amine, or often via a 
Bischler-Napieralski reaction.  Give the landscape of previous syntheses in this family, we 
believed that  a different dearomatization strategy might allow for a more elegant solution to the 
synthetic problem if it provided an intermediate that was better disposed to cross-coupling.
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CHAPTER 2 FIGURES AND SCHEMES 
 
 
Scheme 2.  Total synthesis of (±)-lycoricidine by Ohta and Kimoto (1976). 
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Scheme 3.  Total synthesis of (+)-lycoricidine by Paulsen (1982). 
 
 
 
Scheme 4.  Formal synthesis of (±)-lycoricidine by Schubert (1987). 
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Scheme 5. Total synthesis of (±)-pancratistatin by Danishefsky (1989). 
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Scheme 6. Total synthesis of (+)-lycoricidine by Ogawa (1991). 
 
 
Scheme 7. Total synthesis of (+)-lycoricidine by Hudlicky (1992). 
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Scheme 8. Formal synthesis of (±)-lycoricidine by Martin (1993). 
 
 
Scheme 9.  Total synthesis of (+)-pancratistatin by Hudlicky (1995). 
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Scheme 10. Total synthesis of  (+)-pancratistatin by Trost (1995). 
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Scheme 11. Total synthesis of (+)-pancratistatin by Haseltine (1997). 
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Scheme 12. Total synthesis of (+)-narciclasine by Rigby (1997). 
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Scheme 13. Total synthesis of (+)-pancratistatin by Magnus (1998). 
 
 
Scheme 14. Total synthesis of (+)-narciclasine by Hudlicky (1999). 
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Scheme 15.  Total syntheses of (+)-lycoricidine and (+)-narciclasine by Keck (1999). 
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Scheme 16. Total synthesis of (+)-pancratistatin by Rigby (2000). 
 
 
 
 
 
 
 
Scheme 17. Total synthesis of (+)-pancratistatin by Pettit (2001). 
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Scheme 18. Total synthesis of (±)-pancratistatin by Kim (2002). 
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Scheme 19. Total syntheses of (+)-narciclasine and (+)-pancratistatin by Yan (2002). 
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Scheme 20. Total synthesis of (±)-lycoricidine by Padwa (2006). 
 
 
Scheme 21. Total synthesis of (+)-pancratistain by Li (2006). 
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Scheme 22.  Total syntheses of (-)-lycoricidine and (-)-narciclasine by Banwell (2008). 
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Scheme 23. Total synthesis of (+)-pancratistatin by Madsen (2009). 
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Scheme 24. Total synthesis of (+)-lycoricidine by Yadav (2010). 
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Scheme 25. Total synthesis of (±)-pancratistatin by Cho (2011). 
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Scheme 26. Total synthesis of (+)-pancratistatin by Alonso (2012). 
 
 
 
 
Scheme 27. Total synthesis of (+)-pancratistatin by Sato (2013). 
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Scheme 28. Formal synthesis of (+)-narciclasine by Yamamoto (2016).
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CHAPTER 3 
DEVELOPMENT OF DEAROMATIVE DIHYDROXYLATION WITH ARENEOPHILES 
 The dearomatization of aromatic compounds represents a synthetic strategy that can rapidly 
convert a range of inexpensive and readily available starting materials into valuable synthetic 
intermediates.41 While various strategies for dearomatization exist, these typically do not introduce 
additional functionality.  Those few that can (e.g. microbial arene oxidation42 or reactions of 
stoichiometric metal-bound complexes43) suffer from their own limitations that restrict their 
widespread use.  We sought to develop a novel method of dearomative functionalization by 
utilizing photoactive “arenophiles,” which are able to react with arenes through a formal [4+2] 
cycloaddition.44  The resulting cycloadducts now bearing isolated double bonds could then be 
subjected to traditional olefin chemistry to generate highly functionalized products from 
inexpensive and readily available starting materials.   
 We were guided by the pioneering work of Hammock and Sheridan45, who demonstrated 
in 1989 that 4-methyl-1,2,4-triazoline-3,5-dione (MTAD) could, when excited by visible light, 
undergo cycloaddition with benzene at cryogenic temperatures to generate para-cycloadducts. The 
species thus generated could be observed spectroscopically, however they could not be isolated 
and no further transformations were performed on them.  The compounds would rapidly 
cyclorevert at elevated temperatures, driven by the restoration of aromaticity in the starting 
material.    
 We aimed to intercept the cyclized intermediates so that further functionality could be 
introduced prior to cycloreversion.  The double bonds in the cycloadduct are no longer in 
conjugation, and could potentially be functionalized by traditional olefin chemistry.  After 
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functionalization of one of the double bonds, the product could no longer regain aromaticity via 
cycloreversion, giving a stable cycloadduct. 
 In order to explore compounds which may possess arenophile-type reactivity with aromatic 
hydrocarbons, we performed computational frontier molecular orbital analysis46 of several small 
organic molecules (Figure 2).  We based these investigations around a mechanistic hypothesis 
wherein the arenophile is first excited by visible light, and this excited arenophile then reacts with 
the arene substrate to form an exciplex, an excited state charge transfer complex. The nature of 
this exciplex could involve either complete electron transfer, with an electron in the HOMO of the 
arene transferring to the HOMO of the arenophile, or a partial charge transfer between the two 
species.  It is this exciplex which then undergoes cycloaddition to for the arene-arenophile adduct. 
Based on this hypothesis, the frontier molecular orbital analysis of potential arenophiles was 
performed with two primary criteria in mind, 1) that the HOMO-LUMO gap is sufficiently small 
that the arenophile can be excited by visible light, and 2) that the HOMO of our prototypical arene, 
benzene, fell between the HOMO and LUMO of the arenophile so that an electron- or charge- 
transfer complex between the arene and arenophile can form and undergo cyclization (Figure 1).  
We identified a few cyclic (Z)-diazo-containing compounds meeting this criteria, of which three 
proved to have the desired reactivity with benzene when tested.  Due to its stability, ease of 
synthesis, and relative lack of side products, MTAD was utilized as the arenophile for further 
studies. 
 Although the resulting dienyl products could be observed spectroscopically when reacting 
MTAD and benzene at –78 °C, these compounds proved to be thermally unstable, cycloreverting 
slowly at temperatures above –50 °C and rapidly above –10 °C.  Thus, functionalization of the 
resulting unconjugated alkenes had to be done in situ at cryogenic temperatures.  Dihydroxylation 
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with osmium tetroxide seemed like a reasonable strategy, however prior to our research there was 
no precedent in the chemical literature for performing such dihydroxylations at cryogenic 
temperatures.  After extensive study, it was found that the addition of p-toluenesulfonamide 
allowed the reaction to occur with acceptable yields by assisting in the hydrolysis of the osmate 
ester, a processes which occurs very slowly at depressed temperatures.47  The use of other reagents 
to assist the osmate ester hydrolysis, such as citric acid, proved to be less effective.  After 
completion of the cycloaddition reaction with benzene (indicated by disappearance of the 
characteristic magenta color of MTAD), addition of catalytic osmium tetroxide, N–
methylmorpholine N–oxide (NMO), water, and p-toluenesulfonamide (conditions A) resulted in 
formation of the corresponding dihydrodiol in 56% yield.  – 
 In the cycloaddition with some arenes, however, aqueous osmium tetroxide 
dihydroxylation proved to be less effective.  This is likely a result of variations in the stability of 
the corresponding cycloadducts, as much of the lost yield is a consequence of cycloreversion of 
the unstable intermediates.  As an alternative strategy, a modified Narasaka-Sharpless method48 
was employed, using a boronic ester to cleave the osmate ester rather than water.  Such conditions 
allow the reaction to be performed under anhydrous conditions, and provides a boronic ester 
product rather than a free diol. 
 The optimized conditions proved to be applicable to a wide array of monosubstituted 
benzene derivatives (Figure 3).  The reaction proceeded with high regio- and diasteroselectivity, 
with products being obtained as a single isomer.  The reaction was tolerant of various functionality, 
such as esters, acetals, benzyl chlorides, and aryl halides, which provide functional handles for 
further derivatization.  Benzyl bromide, in particular, is an interesting substrate as the resulting 
vinyl bromide product can be used for further cross coupling reactions. 
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 The urazole moiety of the products thus obtained was cleaved through the action of either 
hydrazine or potassium hydroxide, followed by oxidation with copper (II) chloride and 
cycloreversion with expulsion of dinitrogen, to generate dihydrodiols in good yields.  Diols and 
boronic esters produced after dearomative dihydroxylation were first converted to the 
corresponding acetonides before the urazole hydrolysis as that protection scheme was found to be 
the most amenable to the hydrolysis protocol; free diols had a tendency to aromatize during the 
reaction.  The use of hydrazine for the hydrolysis has practical advantages, as the hydrazine can 
simply be removed in vacuo after the reaction, however it is not amenable to substrates bearing 
esters, which hydrolyze to acids on treatment with KOH.  This reaction protocol enabled the 
formation of a number of dihydrodiol products, which would often be much more difficult to 
generate by other means (Figure 4).   
 It is important to note that the products formed by this reaction sequence differ from those 
that can be formed via microbial arene oxidation.  Starting from monosubstituted aromatic 
compounds, our dearomative dihydroxylation sequence provided exclusively the 3,4-dihydrodiol 
product.  Conversely, microbial arene oxidation typically forms the 2,3-dihydrodiol product from 
the same starting materials.49 Our dearomative dihydroxylation strategy is therefore 
complementary to existing methods, broadening the range of dihydrodiol products that can be 
generated from monosubstituted arenes. 
 Instead of hydrolysis and cycloreversion of the urazole moiety from the products, it was 
also possible to leverage this group for form diaminodiol products (Figure 5).  After hydrolysis of 
the urazole to a cyclic hydrazine with potassium hydroxide, dibenzoylation with benzoyl chloride 
followed by reductive N–N bond cleavage with samarium iodide delivered benzoyl protected 
diaminodiols with rigidly defined stereochemistry.  This allows for the generation of a wide variety 
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of highly functionalized intermediates with four contiguous stereocenters in three steps from 
simple aromatic starting materials; intermediates that could potentially be utilized toward the 
synthesis of natural products or valuable pharmaceutical compounds. 
 In addition to mononuclear arenes, a number of polynuclear arenes could also successfully 
undergo photochemical dearomative dihydroxylation with MTAD (Figure 6).  Naphthalene was 
able to undergo dearomative dihydroxylation in 82% yield, aided by that fact that the cycloadduct 
of MTAD and naphthalene is considerably more stable than that of MTAD and benzene.  Again, 
a number of substituents were tolerated, including halides, carbamates, ketals, and heterocycles 
such as pyridine.  In addition, acridine and phenanthrene could also be dihydroxylated in this 
fashion.   
 The products of dearomative dihydroxylation of pronuclear arenes could also readily be 
converted into the corresponding diaminodiols (Figure 7).  Hydrolysis of the urazole with 
hydrazine was followed by reduction of the N-N bond with Raney nickel for afford a wide number 
of complex diaminodiols. 
 To demonstrate the utility of the dearomative dihydroxylation strategy, a number of small, 
highly functionalized organic molecules were synthesized from compounds generated by this 
methodology (Figure 8).  For example, conduramine A50 was rapidly prepared using benzene as a 
starting material.  Following dearomative dihydroxylation of benzene and acetonide protection, 
the urazole was cleaved with hydrazine, which was followed by addition of copper chloride and 
Troc-protected hydroxylamine.  The copper chloride served to both oxidize the cyclic hydrazine 
to a diazine that could then cyclorevert, and then oxidize the hydroxylamine to a nitroso species 
that could undergo hetero-Diels-Alder cyclization with the resulting diene, affording 
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hydroxylamine 186.  Reductive cleavage of the N-O bond and Troc protecting group with 
zinc/acetic acid, followed by acidic deprotection of the acetonide, then delivered conduramine A.   
 MK760751, an herbicidal natural product, was prepared from benzyl alcohol via 
dearomative dihydroxylation.  Formation of dihydrodiol 187 was followed by silyl protection of 
the alcohol. The product was then subjected to a stereospecific Upjohn dihydroxylation to provide 
diol 188.  Finally, global deprotection allowed for expedient synthesis of the natural product.   
 The 3-O-desmethyl analog of potent herbicidal natural product phomentriolxin52 was 
prepared from protected dihydrodiol 189, derived via our methodology from bromobenzene.  
Stereospecific Upjohn dihydroxylation of the disubstituted olefin afforded diol 190. Subsequent 
Sonogashira coupling with alkyne 19153 was able to provide the desired coupling product, however 
a trace amount of olefin isomerization was observed, which made purification of the product 
difficult.  It was found that column chromatography on silver-impregnated silica gel separated the 
isomers and gave the pure product.54  Acidic hydrolysis of the acetonide protecting group then 
provided the desired product. 
 The dearomative dihydroxylation of arenes with arenophiles has proven to be a powerful 
method to access a number of valuable compounds that could clearly serve as starting points 
toward the total synthesis of complex molecules.  The methodology is made even more attractive 
due to the low cost and wide availability of the simple aromatic starting materials used for the 
reaction.  It was the development of this methodology that enabled new strategies toward the 
synthesis of Amaryllidaceae isocarbostyril alkaloids to be conceived and implemented.  
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Figure 2. a) Proposed mechanistic rational for photochemical arenophile activity. b) Selected 
results of computational frontier molecular orbital analysis of potential arenophiles.  Those that 
demonstrated the desired reactivity experimentally are boxed. 
a) 
b) 
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Figure 3.  Partial substrate scope of dearomative dihydroxylation with MTAD. 
 
Figure 4. Partial substrate scope of cycloreversion to dihydrodiols. 
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Figure 5.  Partial substrate scope of preparation of diaminodiols from cycloadducts. 
 
Figure 6. Partial substrate scope of the dearomative dihydroxylation of polynuclear arenes. 
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Figure 7. Partial substrate scope of diaminodiols derived from polynuclear arenes. 
 
Figure 8.  Synthesis of several complex molecules applying dearomative dihydroxylation.  
53 
 
CHAPTER 4 
TOTAL SYNTHESIS OF LYCORICIDINE VIA DEAROMATIVE DIHYDROXYLATION 
Despite the existence of a number of previous synthesis of lycoricidine and its related 
isocarbostyril alkaloids, we identified that this structure could be more rapidly prepared through 
the application of the novel dearomatization strategy developed by our group. Enzymatic 
dearomatization of bromobenzene had been utilized in several previous total syntheses of the 
Amaryllidaceae isocarbostyril family of alkaloids, most notably by the Hudlicky group15,17,25 
However, in these cases the location of the resulting bromide with respect to the newly installed 
diol was not optimal; in all cases the halide was eventually reductively cleaved.  We have 
demonstrated, however, that photochemical dearomatization provides constitutional isomers that 
are complementary to those obtained by microbial arene oxidation.49 Photochemical 
dearomatization of monosubstituted arenes such a bromobenzene thus provides the 3,4-
dihydrodiol, positioning the bromide in a way that is suggestive of further transition-metal 
catalyzed cross couplings to potentially arrive at the natural structure. 
 With this in mind, we envisioned a retrosynthetic scheme toward lycoricidine that could 
be traced back to a photochemical dearomatization of bromobenzene.  We demonstrated in our 
initial report that dearomatization of bromobenzene utilizing modified Narasaka-Sharpless 
conditions with n-butylboronic acid would produce cycloadduct 192.  Transesterification of the 
boronic acid by refluxing with pinacol, followed by acetonide protection of the revealed diol 
produced ketal 193.  Cycloreversion of the urazole would then from bromodihydrodiol 194.  These 
three compounds were hypothesized to be ideal entry points to the synthesis of lycoricidine in our 
initial strategies (Figure 9). 
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 We believed that the arene-alkene linkage in the natural product could likely be formed via 
a palladium-catalyzed cross-coupling between one of these vinyl bromides and a 
methylenedioxyphenyl organometallic species.  The cis-1,4-amido alcohol could then potentially 
be formed via a hetero–Diels–Alder reaction with a nitroso species.  One strategy that was initially 
explored was performing the hetero–Diels–Alder reaction with acyl nitroso species that could then 
give a carbamate upon reductive cleavage of the N–O bond.  Such a carbamate could have then 
been made to undergo a Bischler-Napieralski reaction to install the necessary lactam (Figure 10). 
 Suzuki coupling between 3,4-methylenedioxyphenylboronic acid and dihydrodiol 194 
proved to be unsuccessful due to aromatization of the dihydrodiol under the reaction conditions.  
It was therefore necessary to perform the Suzuki coupling with cycloadduct 193, followed by 
cycloreversion to forge the diene necessary for hetero–Diels–Alder cyclization. 
 The acyl nitroso dienophiles that were necessary for cycloaddition and eventual Bischler-
Napieralski reaction were formed in situ by oxidation of the corresponding N-hydroxy carbamates, 
most commonly performed using tetrabutylammonium periodate.55  The cycloaddition reactions 
of these acyl nitroso dienophiles, however, favored the formation of the incorrect constitutional 
isomer, which precluded the eventual use of the Bischler-Napieralski reaction for forge the lactam.  
Set back by this turn of events, we then reconsidered our strategy for installation of the lactam. 
 Since the Bischler-Napieralski reaction could not be used to install the necessary lactam 
from a carbamate, we decided to explore other means of bringing in the carbonyl functionality.  
We decided to explore the possibility of bringing in the carbonyl as part of the arene coupling 
partner in the Suzuki reaction.  By using an aryl boronic acid or ester bearing an ester preinstalled 
at the necessary position, the lactam could then be formed by a number of potential methods.  
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Boronic ester 145 had been used in Banwell’s total synthesis of lycoricidine, and we believed that 
it could be useful in our strategy as well. 
 Suzuki coupling between 145 and 193 produced adduct 195.   Hydrolysis of the urazole 
also resulted in saponification of the ester, giving carboxylic acid-bearing diene 196.  One strategy 
that was explored was the conversion of this carboxylic acid to a hydroxamic acid that could 
potentially be oxidized to an acyl nitroso that would undergo an intramolecular Diels-Alder 
reaction with the diene.  We predicted that the geometric constraints of the intermediate would 
enforce the formation of the desired constitutional isomer which could not be formed via 
intermolecular cycloaddition.  Despite efforts at forming the hydroxamic acid via a variety of 
methods, including acid activation with CDA and various peptide coupling reagents, we were 
unable to form the desired compound, and thus the intramolecular hetero–Diels–Alder route was 
abandoned. 
 Realizing that the hetero–Diels–Alder reaction was going to be a challenging step to 
perform with the desired selectivity, efforts were then focused on finding the correct nitroso 
reagent to give the desired selectivity. Houk extensively studied effects contributing to the 
selectivity of hetero–Diels–Alder reactions with nitroso compounds, observing that the principle 
interaction was between the HOMO of the diene and LUMO of the dienophile, and that 
substituents modifying orbital coefficients of the coupling partners can have great influence of the 
selectivity.56  Aryl nitroso compounds could in some cases give the opposite constitutional isomer 
when compared to acyl nitroso species, as the aryl nitroso compounds, especially those bearing 
electron donating functionality, have larger LUMO coefficients at nitrogen. 
 A number of nitroso species were screened against dihydrodiol 194 in order to determine 
their selectivity.  Acyl nitroso species were observed favor the undesired constitutional isomer in 
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all cases.  One unique nitroso species that was synthesized and tested was the geminal 
chloronitroso compound (-)-2,3:5,6-di-O-isopropylidene-l-nitroso-α-D-mannofuranosyl 
chloride.57  Chloronitroso compounds are interesting species for hetero–Diels–Alder reactions 
because, after cycloaddition, the chloride is eliminated to form an imine that is hydrolyzed upon 
workup, directly generating a free hydroxylamine.  This particular chloronitroso compound is 
derived from D-mannose and can be made optically pure, so it was hoped that a kinetic resolution 
would be possible and render the synthesis asymmetric.  This chloronitroso species, however, 
provided the incorrect constitutional isomer as well and was therefore abandoned. 
 Fortunately, it was observed that nitrosobenzene would give exclusively the desired 
constitutional isomer, so our efforts were then focused on aryl nitroso species for the cycloaddition.  
Despite the exclusive selectivity displayed by nitrosobenzene and its commercial availability, it 
was observed that the eventual removal of the unsubstituted aromatic ring from the nitrogen would 
be incredibly difficult.  O-protected nitrosophenol species were then explored, as it could be 
possible to remove the aryl auxiliary via oxidation to an iminoquinone and hydrolysis. 
 In contrast with the acyl nitroso compounds, which had to be oxidized in situ from 
hydroxamic acids, many aryl nitroso compounds could be synthesized and isolated.   They were 
typically synthesized by oxidation of anilines, most commonly with catalytic sodium tungstate and 
hydrogen peroxide.58  4-Nitrosoanisol, prepared from 4-methoxyaniline, was first explored.  
Cycloaddition between this and dihydrodiol 194 gave the desired constitutional isomer as the only 
observed isomer.  Despite this, no method was able to affect remove the aryl moiety by oxidation 
later in the synthesis.  Oxidation with CAN, hypervalent iodine reagents, and numerous other 
oxidants resulted either in no reaction or complete decomposition of the starting material.  The 
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synthesis of unprotected 4-nitrosophenol was attempted, however this compound appeared to exist 
primarily as a tautomerized N–hydroxyiminoqunione that was unreactive with the diene.   
It was hypothesized that increasing the electron density of the aromatic ring could make it 
easier to oxidize, so toward that end nitrosoveratrol was also synthesized, however even this was 
not able to be removed by oxidation.  Finally, we decided to explore compounds with more easily 
removable protection on oxygen, such as silyl-protected nitrosophenols.  It was believed that these 
could then be removed by a two-stage protocol, involving deprotection of the phenol and then 
oxidation, as it should be considerably easier to oxidize the unprotected aminophenol to an 
iminoquinone.   
4-((Triisopropylsilyl)oxy)aniline was readily synthesized by TIPS protection of 4-
hydroxyaniline, and this was then oxidized to form nitroso silyl ether 197.  Oxidation with catalytic 
sodium tungstate failed for this compound, but the desired transformation to the nitroso species 
could be readily achieved through the use of Oxone.  Although this reaction produced 197 very 
cleanly, this product proved to be much more unstable than other aryl nitroso species, decomposing 
very quickly, possibly rearranging to an N-silyloxyiminoquinone.  When other silyl protection 
groups were used, such as TBS, the product proved to be too unstable to use effectively.  
Compound 197, however, could be used for cycloaddition immediately after synthesis to undergo 
cycloaddition with 194, giving the desired isomer exclusively.   
 Multiple methods were available for the cleavage of the N-O bond in the cycloadduct.  
Molybdenum hexacarbonyl was explored as a way of cleaving the bond, however in our hands 
results of the cleavage were inconsistent.  The bond was able to be reduced with samarium iodide, 
however purification of the product was complicated by the fact that the resulting amino alcohol 
could form a complex with samarium.  It was eventually found that washing the product with a 
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solution of Rochelle’s salt could break the complex and allow for purification.  Despite that fact 
that samarium iodide could affect the desired transformation, other methods were explored due to 
the expense of using samarium iodide on large-scale reactions.  Finally, it was found that the use 
of zinc powder and acetic acid would reduce the N-O bond efficiently and economically. 
 After cleavage of the N–O bond, Suzuki coupling with boronic ester 145 was formed the 
arene-alkene bond, and the resulting adduct underwent lactamization in situ to form lactam 190.  
From here, TBAF was able to cleave the silyl ester.  Preliminary results indicated that it would 
then be possible to oxidize the phenol with PIFA, which would be followed by acetonide 
deprotection to furnish the natural product. 
 With a potential strategy now in hand, we decided to reinvestigate the earlier stages of the 
synthesis to optimize the route. The multiple-step process to convert the initial cycloadduct 192 to 
dihydrodiol 194 appeared to be suboptimal, so attention was then turned to alternate strategies.  
We had demonstrated that performing the dearomative dihydroxylation in the presence of a 
boronic acid would generate the corresponding boronic ester, so we were curious if we could avoid 
the wasteful process of forming and cleaving the butylboronic ester by performing the 
dihydroxylation in the presence of a functional boronic acid such as 198.  The boronic ester formed 
would possess both the electrophile and nucleophile for a transpositive Suzuki coupling, avoiding 
the atom economy issues associated with the boronic ester manipulations of the previous route. 
It was through this line of reasoning that we arrived at our final retrosynthetic strategy 
(Figure 11).  The syn-1,4-amido alcohol in the natural product could be constructed from 196 via 
a hetero–Diels–Alder cyclization, which upon reductive N-O cleavage was expected to 
spontaneously cyclize to give the desired lactam.  The required C-C linkage between the aryl and 
cyclohexadienyl rings in 196 could be obtained via a transpositive Suzuki coupling of a 
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dihydrodiol bromide bearing functional boronic ester, which could be obtained by photochemical 
dearomatization of bromobenzene and a methylenedioxyphenyl boronic ester.  A starting material 
such as 199 would be for such a Suzuki coupling, and this compound could be formed by 
dearomative dihydroxylation of bromobenzene under modified Narasaka-Sharpless conditions 
with boronic acid 198. 
 In the forward sense, the synthesis commenced with dearomative dihydroxylation of 
bromobenzene with MTAD, employing modified Narasaka-Sharpless conditions with boronic acid 
198 (Figure 12).  This boronic acid was prepared in a single step from pinacol boronic ester 145 
used by the Banwell group in their synthesis of lycoricidine.  Treatment of the boronic ester with 
sodium periodate in acid oxidized the pinacol to reveal the free boronic acid.  The dearomative 
dihydroxylation could then, in a single step, generate boronic ester 199 in 65% yield, which already 
contains all carbon atoms present in the natural product.   This compound bears both the vinyl 
bromide and boronic ester necessary for subsequent Suzuki coupling.   
This Suzuki coupling proved challenging to accomplish, requiring extensive screening in 
order to achieve acceptable yields.  Optimized conditions involved the use of triethylamine and 
catalytic Pd(dppf)Cl2 in a 9:1 mixture of THF and water.  The use of other ligands, such as trialkyl 
phosphines developed by Fu59 or dialkylbiarylphosphines developed by Buchwald60 proved to be 
less effective.  The water cosolvent proved to be essential for the reaction to occur, being necessary 
for the formation of the hydroxyboronate to affect transmetallation.  Major side products of the 
reaction included protodeborylation, which can often be avoided in intermolecular Suzuki 
coupling through the use of excess boronic acid, however the nature of the transpositive Suzuki 
coupling enforces a 1:1 stoichiometry, so optimal conditions must be found to limit this pathway.  
Ultimately, 5 mol% catalyst loading at 70 °C provided that greatest yields.  The crude product was 
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then acetonide protected with 2,2-dimethoxypropane and catalytic PPTS to give acetonide 195 in 
55% overall yield in two steps. 
 The urazole moiety was then cleaved via hydrolysis with potassium hydroxide to form a 
cyclic hydrazine, followed by oxidation to the corresponding diazine with copper (II) chloride, 
which immediately cycloreverts with expulsion of dinitrogen.  The hydrolysis also saponifies the 
methyl ester, producing diene 196 in 66% yield.   
 To install the syn-amido alcohol, hetero–Diels–Alder reactions with nitroso 197 gave the 
desired selectivity, as described above.  The use of excess nitroso resulted in lower yields, likely 
due to side reactions resulting from the extreme electrophilicity of nitroso compounds.  The initial 
cycloadduct of this reaction was highly unstable and difficult to isolate.  Fortunately, it was 
discovered that the reduction of the N-O bond could be performed in the same pot.  Upon 
completed of the cycloaddition (as detected by NMR), addition of zinc powder and acetic acid to 
the reaction mixture resulted in bond cleavage.  The resulting aniline then underwent lactamization 
with the nearby carboxylic acid in situ, directly forming lactam 200 in 60% yield. 
 From 200, the silyl ether could easily be cleaved in 20 minutes with TBAF, forming phenol 
201 in 93% yield.  Preliminary results suggest that the phenol oxidation and hydrolysis could then 
be accomplished with aqueous PIFA, and final acetonide deprotection would then furnish the 
natural product.  Future studies will include the optimization of these final steps, potentially 
combining these final deprotection steps into a one-pot process to streamline the synthesis.  A 
possible hurdle to the combination of these steps is the fact that after cleavage of the acetonide, 
the resulting free diol could be cleaved by any excess PIFA in the system.  This could potentially 
be circumvented by quenching the excess PIFA with a reductant prior to acetonide cleavage. 
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 The total synthesis of lycoricidine by this strategy demonstrates the utility of dearomative 
dihydroxylation in the synthesis of natural products; the route described here was made feasible 
by efficient dihydroxylation of bromobenzene.  The synthesis further demonstrates that functional 
boronic esters can be prepared by the dearomative dihydroxylation protocol that can be competent 
substrates for transpositive Suzuki coupling, as these products bear both the nucleophile and 
electrophile necessary for the coupling.  Such a protocol could potentially be applied towards the 
modular synthesis of a number of arylated compounds.  Novel aryl nitroso compound 197 could 
also potentially be generally useful for the synthesis of 1,4–amino alcohols in selective fashion 
when acyl nitroso compound prove to give undesired products.  The efficiency of the synthesis 
can also allow for the synthesis of a number of analogs for medicinal studies. 
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CHAPTER 4 FIGURES AND SCHEMES 
 
 
Figure 9. Potential starting materials for the synthesis of lycoricidine. 
 
 
Figure 10.  Failed synthetic route involving a late stage Bischler-Napieralski reaction. 
 
 
Figure 11. Final retrosynthetic analysis of lycoricidine. 
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Scheme 29.  Synthetic route for the synthesis of (±)-lycoricidine.
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APPENDIX 
SUPPORTING INFORMATION 
 
Synthesis of 198: To a solution of boronic ester 145 in THF:H2O = 10:1, was added NaIO4 (4.54 
g, 21.2 mmol, 1.5 equiv.).  The mixture was stirred at room temperature for 20 minutes, until 
homogeneous.  HCl (1.0 M in water, 20 mL) was then added, and the mixture was stirred for 2 h.  
The resulting mixture was extracted with DCM (3 x 50 mL), dried over anhydrous MgSO4, and 
concentrated in vacuo to yield boronic acid 198 (3.10 g, 13.8 mmol, 98% yield) as a colorless 
solid.  Product was used without further purification. 
Rf = 0.15 (SiO2, hexanes:EtOAc = 1:1, UV). 
m.p. = 155.5–157.5 °C. 
1H NMR (500 MHz, Methanol-d4) δ 7.40 (s, 1H), 6.81 (s, 1H), 6.05 (s, 2H), 3.89 (s, 3H). 
13C NMR (126 MHz, Methanol-d4) δ 169.4, 153.4, 149.5, 127.2, 110.8, 109.6, 103.4, 52.9. 
 
HRMS (ESI-TOF, m/z) calcd. For C27H22B3O15 [Anhydride+H]+ calc.: 618.1274 ; found: 
618.1334. 
IR (ATR, neat, cm-1): 3378 (br w), 2957 (w), 1702 (m), 1609 (w), 1505 (w), 1425 (m), 1372 (s), 
1262 (s), 1159 (m), 1037 (s). 
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Synthesis of 199: To a stirred solution of MTAD (523 mg, 4.46 mmol, 2 equiv.) in DCM (50 mL) 
was added benzyl bromide (3.51 g, 22.3 mmol, 10 equiv.).  The mixture was cooled to –78 °C 
under an atmosphere of nitrogen, and was then irradiated with visible light LEDs.  Once the pink 
color of the reaction had dissipated (2 days) the lights were turned off, and a solution of NMO 
(505 mg, 4.46 mmol, 2 equiv.) and OsO4 (0.2 M in DCM, 1.12 mL, 10 mol%) in acetone (10 mL) 
was added.  A solution of 198 (500 mg, 2.23 mmol, 1.0 equiv.) in acetone (10 mL) was then added.   
The mixture was stirred overnight while slowly warming to –20 °C.  The mixture was then warmed 
to room temperature and quenched with Na2S2O3 (10% in water, 40 mL).  Reaction was extracted 
with DCM (3 x 40 mL), dried over MgSO4, and concentrated in vacuo.  Purification of the 
resulting residue by flash column chromatography (silica gel, EtOAc:hexanes 1:1) gave boronic 
ester 199 as a colorless solid (708 mg, 1.44 mmol, 64% yield). 
Rf = 0.14 (SiO2, hexanes:EtOAc = 1:1, UV). 
m.p. = 257–259 °C.  
1H NMR (500 MHz, CDCl3) δ 7.32 (s, 1H), 6.79 (s, 1H), 6.68 (ddd, J = 6.1, 2.3, 0.7 Hz, 1H), 6.05 
(d, J = 1.3 Hz, 1H), 6.04 (d, J = 1.3 Hz, 1H), 5.25 (dd, J = 4.2, 2.3 Hz, 1H), 5.15 (dd, J = 6.1, 3.9 
Hz, 1H), 5.10 (dd, J = 7.0, 4.2 Hz, 1H), 5.00 (ddd, J = 7.0, 3.9, 0.7 Hz), 3.93 (s, 3H), 3.07 (s, 3H). 
13C NMR (126 MHz, CDCl3) 169.3, 157.2, 156.8, 152.0, 148.9, 127.7, 127.2, 118.7, 110.7, 
108.3, 102.0, 75.3, 74.5, 60.1, 54.4, 53.2, 26.0. 
HRMS (ESI-TOF, m/z) calcd. For C18H16BBrN3O8 [M+H]+ calc.: 492.0212 ; found: 492.0265. 
IR (ATR, neat, cm-1): 2955 (w), 1777 (w), 1709 (s), 1604 (w), 1447 (m), 1394 (m), 1379 (m), 
1309 (m), 1277 (m), 1200 (m). 
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Synthesis of 195: To a dry pressure tube charged with boronic ester 199 (492 mg, 1.0 mmol) and 
Pd(dppf)Cl2 (37 mg, 0.05 mmol, 5 mol%) was added a mixture of THF and water (9:1, 10 mL).  
To this was then added Et3N (0.726  mL, 670 mmol, 5 equiv) was added.  The tube was sealed and 
heated to 70 °C for 4 h.  The reaction was cooled and quenched with HCl (1.0 M in water, 10 mL), 
then extracted with DCM (3 x 5 mL).  The combined DCM layers were dried over MgSO4.  To 
this solution was then added 2,2-dimethoxypropane (2 mL) and catalytic PPTS then the mixture 
stirred for 12 h.  The reaction was quenched with sat. aq. NaHCO3 (10 mL) and extracted with 
DCM (3 x 5 mL).  The combined organic layers were then dried over MgSO4 and concentrated in 
vacuo.  Purification of the resulting residue by flash column chromatography (silica gel, 
EtOAc:hexanes 1:2) gave acetonide 195 as a white solid (245 mg, 0.555 mmol, 55% yield). 
Rf = 0.22 (SiO2, hexanes:EtOAc = 2:1, UV). 
m.p. = 134.1–136.1 °C. 
1H NMR (500 MHz, CDCl3) δ 7.20 (s, 1H), 6.91 (s, 1H), 6.03 (d, J = 1.4 Hz, 1H), 6.02 (d, J = 
1.4 Hz, 1H), 6.00 (ddd, J = 5.8, 2.0, 0.9 Hz, 1H), 5.09 (dd, J = 4.0, 2.0 Hz, 1H), 5.06 (dd, J = 5.8, 
3.8 Hz, 1H), 4.71 (dd, J = 6.8, 4.0 Hz, 1H), 4.64 (ddd, J = 6.8, 3.8, 0.9 Hz, 1H), 3.71 (s, 3H), 
3.08 (s, 3H), 1.39 (s, 3H), 1.35 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 166.8, 158.0, 157.9, 150.4, 147.2, 138.9, 134.3, 124.2, 123.7, 
112.4, 110.0, 109.0, 102.2, 74.3, 74.1, 56.9, 52.1, 51.8, 25.8, 25.7, 25.5. 
HRMS (ESI-TOF, m/z) calcd. For C21H20N3O8 [M+H]+ calc.: 444.1401 ; found: 444.1409. 
IR (ATR, neat, cm-1): 2953 (w), 1777 (w), 1714 (s), 1487 (m), 1459 (m), 1382 (m), 1249 (m), 
1209 (m), 1126 (m), 1071 (m). 
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Synthesis of 196: To a stirred solution of acetonide 195 (690 mg, 1.56 mmol) in i-PrOH (20 mL) 
was added KOH (843 mg, 15.6 mmol, 10 equiv.).  The mixture was refluxed for 12 hr under N2.  
The reaction mixture was then neutralized with glacial acetic acid and concentrated in vacuo.  The 
residue was dissolved in H2O (30 mL).  To this solution was added CuCl2·2H2O (530 mg, 3.1 
mmol, 2.0 equiv.), and the solution was then treated with NH4OH (5.0 M in water) and extracted 
with EtOAc (3 x 20 mL).  The combined organic layers were washed with brine (20 mL), dried 
over MgSO4, and concentrated in vacuo, giving diene 196 as a beige solid (440 mg, 1.39 mmol, 
89% yield).  Product was used without further purification. 
Rf = 0.45 (SiO2, hexanes:EtOAc = 1:1 + 2% AcOH, UV). 
m.p. = 154.5–156.5 °C. 
1H NMR (500 MHz, CDCl3) δ 7.46 (s, 1H), 6.74 (s, 1H), 6.06 (s, 2H), 5.95 – 5.87 (m, 2H), 5.77 
(dt, J = 3.9, 1.2 Hz, 1H), 4.83 (dd, J = 8.9, 3.9 Hz, 1H), 4.74 (dd, J = 8.9, 3.2 Hz, 1H), 1.47 (s, 
3H), 1.44 (s, 3H). 
13C NMR (126 MHz, CDCl3) 169.8, 151.5, 147.3, 139.9, 137.4, 127.8, 123.9, 121.9, 121.2, 
110.9, 110.6, 105.5, 102.3, 71.2, 70.2, 27.o, 25.3. 
HRMS (ESI-TOF, m/z) calcd. For C17H16NaO6 [M+Na]+ calc.: 339.0839 ; found: 339.0816. 
IR (ATR, neat, cm-1): 2912 (w), 1694 (s), 1614 (w), 1504 (m), 1485 (s), 1381 (w), 1250 (s), 1132 
(w), 1036 (s), 931 (w). 
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Synthesis of 4-((triisopropylsilyl)oxy)aniline: To a stirred solution of 4-aminophenol (2.0 g, 18 
mmol) in DCM (200 mL) was added TIPSCl (5.88 mL, 27.5 mmol, 1.5 equiv.) and imidazole (2.5 
g, 37 mmol, 2.0 equiv.).  The mixture was stirred for 12 h, then quenched with saturated aqueous 
NaHCO3 (30 mL).  The mixture was extracted with DCM (3 x 30 mL), dried over MgSO4, and 
concentrated in vacuo.  The residue was purified by vacuum distillation (0.5 torr, 95 °C) to yield 
4-((triisopropylsilyl)oxy)aniline as a colorless oil (4.56 g, 17.2 mmol, 94% yield). 
Rf = 0.14 (SiO2, hexanes:EtOAc = 9:1, UV). 
1H NMR (500 MHz, CDCl3) δ 6.70 (d, J = 8.7 Hz, 2H), 6.57 (d, J = 8.7 Hz, 2H), 1.21 (hept, J = 
7.3 Hz, 3H), 1.08 (d, J = 7.3 Hz, 18H). 
13C NMR (126 MHz, CDCl3) δ 148.9, 140.1, 120.6, 116.5, 18.1, 12.8. 
HRMS (ESI-TOF, m/z) calcd. For C15H28NOSi [M+H]+ calc.: 266.1935 ; found: 266.1921. 
IR (ATR, neat, cm-1): 2944 (m), 2892 (w), 2866 (m), 1508 (s), 1463 (w), 1248 (s), 910 (m), 883 
(m), 829 (w), 685 (m). 
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Synthesis of 197: To a stirred solution of 4-((triisopropylsilyl)oxy)aniline (1.0 g, 3.8 mmol) in 
DCM (200 mL) was added a solution of Oxone® (4.63 g, 7.53 mmol, 2 equiv.).  The mixture was 
stirred vigorously for 2 h.  The organic phase was then separated and the aqueous layers extracted 
with DCM (2 x 20 mL).  The combined organic layers were then dried over MgSO4 and 
concentrated in vacuo.  Product was used without further purification. 
Rf = decomp. 
1H NMR (500 MHz, CDCl3) δ 7.86 (d, J = 9.2 Hz, 2H), 6.99 (d, J = 9.2 Hz, 2H), 1.33 (hept, J = 
7.4Hz, 3H), 1.12 (d, J = 7.4 Hz, 18H). 
13C NMR (126 MHz, CDCl3) δ 164.1, 163.6, 120.0, 18.0, 12.9. 
HRMS (ESI-TOF, m/z) calcd. For C15H26NO2Si [M+H]+ calc.: 280.1727 ; found: 280.1726. 
IR (ATR, neat, cm-1): 2946 (m), 2893 (w), 2868 (m), 1644 (w), 1595 (m), 1502 (s), 1278 (s), 1111 
(s), 904 (m), 687 (m). 
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Synthesis of 200: To a stirred solution of diene 196 (20 mg, 63 µmol) in THF (2 mL) was added 
a solution of nitroso 197 (18 mg, 63 µmol) in THF (1 mL).  The mixture was stirred for 48 h at 
room temperature.  Powdered zinc (83 mg, 1.26 mmol, 20 equiv.) and acetic acid (36 µmol, 0.63 
mmol, 10 equiv.) were added, and the mixture stirred at room temp for 8 h.  Reaction was quenched 
with saturated aqueous NaHCO3 (5 mL), and extracted with EtOAc (5 x 10 mL).  The combined 
organic layers were washed with brine (10 mL), dried over MgSO4, and concentrated in vacuo.  
Residue was purified by column chromatography (silica gel, hexanes:EtOAc 1:1) to yield lactam 
200 as a beige oil (22 mg, 38 µmol, 60% yield). 
Rf = 0.39 (SiO2, hexanes:EtOAc = 1:1, UV). 
1H NMR (500 MHz, CDCl3) δ 7.60 (s, 1H), 7.10 (d, J = 8.7 Hz, 2H), 7.01 (s, 1H), 6.89 (d, J = 
8.7 Hz, 2H), 6.32 (t, J = 3.1 Hz, 1H), 6.01 (s, 2H), 4.67 (dt, J = 6.0, 3.1 Hz, 1H), 4.33 (dd, J = 
7.8, 6.0 Hz, 1H), 4.19 (dt, J = 7.7, 3.1 Hz, 1H), 3.90 (d, J = 7.8, 7.7 Hz, 1H), 1.26 (hept, J = 7.4, 
3H), 1.18 (s, 3H), 1.10 (d, J = 7.4 Hz, 18H), 1.05 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 162.4, 155.3, 151.8, 148.6, 133.8, 129.5, 128.5, 128.2, 124.9, 
121.4, 120.0, 110.4, 108.1, 102.0, 101.1, 79.1, 78.9, 72.1, 62.7, 27.0, 24.7, 18.1, 18.0, 12.8. 
HRMS (ESI-TOF, m/z) calcd. For C32H42NO7Si [M+H]+ calc.: 580.2725 ; found: 580.2708. 
IR (ATR, neat, cm-1): 3411 (br, w), 2944 (w), 2867 (w), 1647 (w), 1601 (w), 1507 (s), 1479 (m), 
1259 (s), 1221 (m), 1062 (m). 
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Synthesis of 191: To a stirred solution of lactam 200 (29 mg, 50 µmol) in THF (0.5 ml) cooled to 
0 °C was added a solution of TBAF·3H2O (24 mg, 75 µmol, 1.5 equiv.) in THF (0.3 mL).  The 
mixture was stirred at 0 °C for 20 minutes, then quenched with saturated aqueous NH4Cl (0.5 mL).  
The mixture was extracted with EtOAc (3 x 1 mL), and the combined organic layers washed with 
brine (1 mL), dried over MgSO4, and concentrated in vacuo.  The residue as purified by column 
chromatography (silica gel, hexanes:EtOAc 1:2) to yield phenol 201 as a brown solid (19.8 mg, 
48 µmol, 93% yield). 
Rf = 0.18 (SiO2, hexanes:EtOAc = 1:2, UV) 
1H NMR (500 MHz, DMSO-d6) δ 9.32 (s, 1H), 7.47 (s, 1H), 7.38 (s, 1H), 7.07 (d, J = 8.7 Hz, 
2H), 6.72 (d, J = 8.7 Hz, 2H), 6.53 (t, J = 3.1 Hz, 1H), 6.12 (dd, J = 4.1, 0.9 Hz, 2H), 5.70 (d, J = 
5.7 Hz, 1H), 4.74 – 4.69 (m, 1H), 4.26 (dd, J = 7.4, 7.2 Hz, 1H), 4.11 – 4.06 (m, 1H), 3.83 (dd, J 
= 7.4, 7.2 Hz, 1H), 1.04 (s, 3H), 1.01 (s, 3H). 
13C NMR (126 MHz, DMSO-d6) δ 161.1, 155.8, 151.3, 147.8, 132.9, 129.8, 128.7, 127.8, 127.2, 
120.8, 114.6, 108.7, 106.5, 101.9, 101.7, 79.0, 78.8, 70.5, 61.9, 26.8, 24.8, 17.7. 
HRMS (ESI-TOF, m/z) calcd. For C23H22NO7 [M+H]+ calc.: 424.1391 ; found: 424.1366. 
IR (ATR, neat, cm-1): 3349 (br, m), 2936 (w), 1638 (m), 1595 (m), 1513 (s), 1571 (s), 1257 (s), 
1218 (s), 1061 (m), 1036 (s). 
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